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Abstract 
The digestion of baker’s yeast wastewater was monitored by gas production intensity and composition of gaseous 
and liquid phases. Favorable coexistence of sulfate reducing bacteria and methanogens was explained by the 
presence and metabolism of trimethylamine, a degradation product of betaine. Concentration of sulfides decreased at 
the expense of betaine degradation with final products S0 and N2. Since biological wastewater treatment was 
complicated by both high content of SO42-, eventually becoming reduced to toxic H2S, and high total nitrogen 
content, a technological solution that links sulfate reduction to elemental sulfur coupled with reactions producing 
gaseous nitrogen may have great practical value. 
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1. Introduction 
The wastewater from baker’s yeast production contains low levels of readily degradable sugars and acids and 
high levels of trimethylglycine and sulfate (2 900 mg L-1). The average concentration of organic pollutants by total 
chemical oxygen demand (COD) is 25 000 mg L-1 of which up to 33% is accounted for betaine [1]. 
In anaerobic wastewater treatment plants, trimethylglycine can nearly entirely be degraded by the multi-step 
process employing nitrogen-containing intermediates, such as trimethylamine (TMA) and other methylated amines, 
which are further degraded by methanogens, yielding CO2, ammonium and methane. The ammonium formed 
buffers the treatment and enables the stabile work of the whole system. Since trimethylglycine cannot be detected by 
a COD dichromate assay, its concentration may be underestimated, which in turn leads to a significant overloading 
of wastewater treatment plants (WWTPs). Furthermore, trimethylglycine is a nitrogenous compound, whose 
complete anaerobic degradation may result in an increase of the concentration of the effluent ammonia. Some 
Desulfuromonas strains can both ferment and oxidize betaine with such degradation products as trimethylamine, 
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acetate and CO2. [2]. However, degradation of betaine is also possible by another pathway – several Desulfobacter 
species can oxidize betain with sulfate as electron acceptor but instead of TMA the main intermediate product is 
N,N-dimethylglycine [3]. 
Sulfate reducing bacteria (SRB) compete with methane producing microorganisms for the organic carbon 
available, resulting in the formation of hydrogen sulfide and thus inhibiting the methane production. However, our 
previous experiments established that, during the anaerobic degradation of baker’s yeast wastewater much more 
methane, as compared to the theoretical value, was produced [4]. Therefore the aim of this study was to elucidate the 
mechanism underlying these processes. This would enable better process operation and control in wastewater 
treatment plants. 
2. Theory 
2.1. The role of trimethylglycine in anaerobic processes [4] 
Molasses is used as a substrate in a wide range of industrial fermentations, for example, in the production of 
alcohols, acids and yeast cells. The sugar-beet molasses used as a growth medium for yeast contains high amounts 
of betaine (up to 6% dry solids, DS), also known as N,N,N-trimethyl glycine, a soluble nitrogenous compound. 
Trimethylglycine is not significantly consumed during these fermentations; it undergoes the following processing 
stages and becomes a significant constituent of wastewater [5]. 
 
 
 
 
 
 
Fig. 1. Chemical structure of betaine (N,N,N-trimethyl glycine). 
 
Trimethylglycine is a compatible solute, which is able to restore and maintain an osmotic balance in living cells. 
It is synthesized and accumulated in response to abiotic stress. Trimethylglycine also acts as a methyl group donor 
and has a number of important applications, including its use as a feed additive [6]. The cleavage of trimethylglycine 
into trimethylamine and acetate is characteristic of some halophilic fermentative bacteria [7]: 
 
2.5 trimethylglycine + 4.04 H2 → 2-propanol + 2.5 trimethylamine + 0.95 acetate + 0.1 CO2 +1.9 H2O (1) 
trimethylglycine + 1.32 serine + H2O →trimethylamine + 2 acetate + 1.32 CO2 + 1.32 NH3  (2) 
 
The similar cleavage mechanism for trimethylglycine under anaerobic conditions has also been reported for 
Clostridium sporogenes [1, 8], while the fermentation products of Eubacterium limosum are N,N-dimethylglycine, 
and acetic and butyric acids [1, 9]. Acetate and trimethylamine can readily be used as carbon and energy sources by 
acetotrophic and methylotrophic methanogens, e.g. Methanobacterium soehngenii and Methanosarcina barkeri, 
respectively [10]: 
 
CH3COOH → CH4 + CO2      (3) 
4 (CH3)3N + 12 H2O → 9 CH4 + 3 CO2 + 6 H2O +4 NH3     (4) 
 
Otherwise trimethylamine would be toxic to animals, including humans, because of its tissue-corrosive and 
penetrative properties [11]. 
2.2. The role of sulphur containing compounds in anaerobic processes 
In biological treatment, sulfates, sulfites, and other sulphur compounds are reduced in an anaerobic step to 
sulfide, which, by limited oxidation, can in turn be oxidized to elemental sulphur [12, 13]. To reduce sulphur 
compounds to sulfide an electron donor is necessary, as follows from the reaction below: 
SO4 2- + 5 H2O +8 e- → HS- + 9 HO-     (5) 
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 When the effluent contains little organic matter, electron donors (methanol, ethanol, glucose, and other 
saccharides, organic acids, H2 and CO) have to be added in order to provide sufficient reducing equivalents for the 
sulfate reducing bacteria. The organic compounds having more than two carbon atoms degrade under anaerobic 
conditions and give H2 and acetate. The latter can be used as electron donors for the reduction of sulfate [14]:  
 
SO42- + 4H2 + H+  → HS- + 4H2O   ∆G0 = -151.9 kJ reaction-1 (6) 
CH3COO- + SO42- + H+ → 2HCO3- + H2S  ∆G0 =-59.9 kJ reaction-1 (7) 
2.3. Decrease of the sulfides concentration at the expense of trimethylglycine 
In [4] it has been explained why it is important to know the content of sulphur and nitrogen compounds in 
wastewater. In redox reactions, the nitrogen (oxidation state +5) contained in trimethylglycine can be an electron 
acceptor for two electrons. The sulfide ion can donate two electrons, and thus, be converted into elemental sulphur. 
Considering the stoichometric ratio in the chemical reaction between ammonia (from trimethylglycine) and sulfate 
ion (from the sulfide ion) [15, 16] 
 
NH4+ + ½ SO42-→ ½ N2 + ½ S0+ 2 H2O,   ∆G0 = -46 kJ reaction-1 (8) 
 
the redox process consists of the following reactions: 
 
SO42- + NH4+ → NO2- + S0 + 2 H2O ∆G0 = +314 kJ reaction-1 (9) 
   NH4+ + NO2- → N2 + 2 H2O    ∆G0 = -360 kJ reaction-1 (10) 
 
Thus the concentration of sulfide ions can be decreased at the expense of trimethylglycine. A characteristic 
feature of this process is the production of molecular nitrogen caused by the oxidation of nitrogen/ammonium and 
the simultaneous reduction of sulfate, resulting in the production of S0 in considerable amounts. Provided that most 
part of the organic nitrogen is converted into ammonium by a conventional ammonification process, ammonium can 
be considered the only nitrogen compound that is converted into molecular nitrogen. As NH4 and H2S are both toxic 
to methanogens their concentration in all parts of the treatment system should be minimized. 
Several species of Desulfobacterium are able to oxidize acetate in the presence of sulfate as an electron acceptor 
[14, 17]. It is also possible to degrade betaine in the presence of sulfate. During a search for such betaine-metabolizing 
Desulfobacter strains Heijthuijsen and Hansen isolated in 1989 a sulfate-reducing betaine utilize, but instead of 
trimethylamine the main product was N,N-dimethylglycine [3]. Desulfobacterium utilizes the methyl groups liberated 
from betaine to generate CO2 and reduce sulfate. 
 
4 betaine + 3 SO42 - → 4 N,N-dimethylglycine + 4 CO2 + 3 HS- + H+ + 4 H2O  (11) 
 
The methylated amines generated during the anaerobic digestion of betaine are good electron donors for 
methanogens (Table 1, eqs. 8-10). The ∆G’o values in these reactions are in the range of -220 to -670 kJ mol-1. Thus 
the ability to utilize methylated amines offers methanogens an additional advantage to survive in the competition 
with sulfate reducers [18]. This theory will be verified in the laboratory and full scale experiments described below. 
 
3. Materials and methods 
 
3.1. The treatment of wastewater from Salutaguse Yeast Factory 
The treatment of the wastewater from Salutaguse Yeast Factory using sugar beet molasses as raw material is 
carried out employing a system of anaerobic/anoxic reactors. The anaerobic pre-treatment stage system consists of a 
180 m³ mixing tank equipped with a stirrer, and two 180 m³ up-flow anaerobic sludge blanket (UASB) reactors. The 
anoxic stage consists of a 300 m³ tank, a 45 m³ secondary sedimentation tank and an aerobic stage for the final 
treatment of wastewater before discharge into a local WWTP of Kohila (Fig. 2). Being reportedly unsuitable for the 
treatment of high sulfate containing yeast industry wastewater, the UASB reactors were modified and used as 
conventional suspended sludge contact reactors. The biological processes in anaerobic reactors and in anoxic reactor 
were additionally connected as the sludge from the settler of the anoxic reactor is recycled to the mixing tank. pH is 
maintained by self-control in the range of from 7.2 to 7.5. 
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 Table 1. Methanogenic reactions of selected subsubstrates [18-21] 
 
Reactions ∆G’o, kJ reaction-1 t, °C 
Hydrogenotrophic reactions:    
1. CO2 + 4 H2 = CH4 + 2 H2O -131 35 
2. 4 CHOO- + 4H+ = CH4 + 3 CO2 + 2 H2O -144.5  
3. 4 (2-propanol) + CO2  = CH4 + 4 acetone + 2H2O   
Aceticlastic reactions:    
4. CH3COO- + H+ = CO2 + CH4  -31.0 25 
Disproportionation reactions:    
5. 4 CH3OH + 2 H2O = 3 CH4 + CO2 + 4 H2O -319.5 35 
6. 4 CH3OH + CH3COO- = 4 CH4 + 2 HCO3- + H+  -346  
7. CH3OH + H2 = CH4 + H2O -113  
8. 4 CH3NH3+ + 3 H2O = 3 CH4 + HCO3- + 4 NH4 + + H+  -225  
9. 2 (CH3)2NH2+ + 3H2O = 3 CH4 + HCO3- + 2 NH4+ + H+  -220  
10. 4 (CH3)3NH+ + 9 H2O = 9 CH4 + 3 HCO3- + 4 NH4+ + 3 H+  -670  
11. 2Dimethyl sulfide + 2H2 = 3CH4 + CO2 + H2S   
3.2. Chemical analyses and substrates 
In all experiments only real wastewater from baker’s yeast production process from Salutaguse Yeast Factory, 
Estonia employing 100% sugar beet molasses was used. The yeast separation water was used as a substrate and the 
sludge from the anoxic reactor served as an inoculum. The concentrations of ammonia, sulfates, and total sulfides, 
as well as chemical oxygen demand (COD) (Standard Methods APHA, 1998 [22]) were regularly determined. In 
chemical analyses the following HACH reagents and equipment according to HACH Standard Methods were used: 
COD – the Reactor Digestion Method; sulfates – the SulfaVer 4 Method; sulfides – the Methylene Blue Method; 
total nitrogen by the Persulfate Digestion Method. The soluble content of pollutants in the samples obtained by 
centrifugation at 3000 rpm for 10 minutes was determined. The pH measurements were made using a portable 
HACH HQ-30d pH-meter. For colorimetric measurements an HACH DR2800 spectrophotometer in conjunction 
with 16 mm circular cuvettes was used. The concentration of four components of the gaseous phase (CH4, CO2, H2, 
H2S) was determined using a Model 3700 gas chromatograph (Moscow Experimental Factory, Russian Federation) 
equipped with a Porapak Q 2.5m×3mm column, N2 1.0 at, 30 ml min-1, a thermostat 42°C, TCD 120°C. The 
concentration of volatile fatty acids (VFAs) was determined employing a Waters 2695 XE HPLC system equipped 
with an RI detector and an HPX 87H column and using 0.009n H2SO4 as eluent [23]. The betaine concentration was 
determined with a UV detector at 190 nm using a Waters cation exchange column IC-Pak C M/D 3.9 x 150 mm with 
0.05 mM KH2PO4 as eluent at 1 ml min-1. Pump: a Waters 1515 Isocratic HPLC pump; detector: a Waters 2487 
Dual λ Absorbance Detector; programme: Breeze (version 3.30 SPA); column temperature: ambient; column 
pressure: 2282-2306 psi; standard: betaine anhydrous (Fluka, 98%) [1]. 
3.3. The technological set-up of the laboratory recirculation experiment 
The laboratory recirculation experiment was launched on 31 October 2008. In experiments the 1L Oxitop® 
reactors, whose working principle has been described earlier [24], were used. During the experiments the Oxitop® 
respirometer regularly measured the pressure of the system, the increase of which is caused by evolvement of the 
biogas. Additionally, the samples of gaseous and liquid phases were taken (daily at the beginning of experiment, 
later weekly) to determine the content of the biogas and VFAs, respectively. The liquid phase samples were taken in  
the amount of 1.5 mL, then centrifugated at 14 000 rpm for 3 min, filtrated and frozen at -20°C to be later analyzed. 
As the basis for substrate and inoculum ratios served the present flows used in the wastewater treatment system 
at Salutaguse Yeast Factory– from the mixing tank to the anaerobic stage 150 m3 day-1 and from the anoxic reactor 
back to the mixing tank 30 m3 day-1 (1/5 from inflow or 20%) (Fig.2, Table 2). Samples ST1 to ST3 were buffered 
with 0.2 M phosphate buffer (pH 5.7), adding buffer components in the solid state. The composition of samples ST1 
and ST4 corresponded to ratio of flows in the Salutaguse treatment plant (Table 2). 
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Fig. 2. The technological set-up used at Salutaguse Yeast FactoryWWTP with re-circulation of the sludge 
 
4. Results and discussion 
4.1. Betaine (trimethylglycine) as an additional substrate for methane production 
In our previous experiments, during the anaerobic degradation of the yeast production wastewater in SBR much 
more methane, as compared to the theoretical value, was produced (Table 3, [4]). Theoretical biogas production 
from COD was calculated on the assumption that on the degradation of carbonaceous organic material 0.35 m3 of 
methane per kg of COD converted is produced [25]. The average production of methane by the COD removed was 
0.710 m3 kg-1. Part of methane was probably produced at the expense of betaine initially degraded to methylated 
amines and acetate which in turn could be used by methylotrophic and acetotrophic methanogens (eq. 1- 4). The 
ratios between betaine and trimethylamine and trimethylamine and ammonia always remain equimolar. Assuming 
that N-compounds produced during the microbiological degradation of trimethylglycine practically do not volatilise 
(in an anaerobic reactor), based on their apparently increased values an approximate estimation of betaine content in 
wastewater can be given. The analysis of Ntot was performed by the persulfate digestion method that mostly 
considers the nitrogen present as amino groups (in proteins and amino acids) as well as NH4. The concentrations of 
NO3- and NO2- in the influent were practically zero. The average concentration of Ntot in the effluent was 571 mg L-1 
(Table 3). Therefore, according to equations 1 and 2, from betaine trimethylamine in the ratio of 1:1 (and further 
NH4 with the same ratio) could be obtained. Taking MWNH4=18 and MWbetaine=118, we get 0.571/18=0.032 mol, 
corresponding to 0.032*118=3.74 g L-1 trimethylglycine. 
From trimethylamine in turn we can obtain methane in a ratio of 4:9 (eq. 4), e.g. from 1 mol trimethylamine 
(trimethylglycine) 2.25 mol methane. Thus, from 1 mol (118 g) betaine 9/4*22.4=50.4 L methane can be formed and 
from 3.74 g/L betaine in the reactor the formation of 3.74/118*50.4=1.60 L methane is possible. Adding 1.60 L to 
0.35 L methane produced from the rest of COD we get 1.95 L that was almost the same amount of methane (per g 
COD removed) as observed in our experiments (Table 3, [4]).The difference between the total theoretical daily and 
real methane production figures was only 3%. The methane production in the anaerobic stage of Salutaguse Yeast 
Factory WWTP was on an average 8.69% higher than the theoretical CH4 production calculated solely by COD 
removal (Table 4). Considering this positive effect on biogas production the precise analytical measurement of the 
concentration of betaine and other intermediate products of the anaerobic digestion of yeast production wastewater 
was continued in this study. 
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 Table 2. The technolgical set-up and concentration of betaine during the recirculation experiment 
 
4.2. Degradation of betaine (trimethylglycine) in the laboratory recirculation experiment 
In the same experiment the concentration of Ntot in the effluent was considerably higher than that of Ntot in the 
influent (Table 3, [4]). This was confirmed by industrial data (data not shown). Analysis of the performance of the 
WWTP of Salutaguse Yeast Factory showed that the anaerobic digestion starts already in the mixing tank. Some 
degradation products of the wastewater - NH4 and H2S are extremely toxic to methanogens and their presence in 
anaerobic digesters should be avoided. As mentioned above under 2.3, the concentration of sulfide ions can be 
decreased at the expense of trimethylglycine. To verify this hypothesis a laboratory recirculation experiment was 
undertaken with three samples buffered to pH 5.7 simulating the conditions in the mixing tank (samples ST1-ST3), 
and with three samples with the pH kept by self-regulation simulating the conditions in anaerobic reactors (samples 
ST4-ST6, Table 2). The concentration of betaine in the molasses used for yeast cultivation, measured by cation 
exchange chromatography (p. 3.2.), was 3.23 g L-1 well in accordance with theoretical calculations (p. 4.1.). 
Changes in the concentration of betaine in experiments with ST1-ST6 are presented in Table 2 and Figure 3. In 
Figure 3 betaine corresponds to peak 4 and its degradation products to peaks 2 and 3, peak 1 being the peak of salts; 
the identification of individual compounds is in progress. As predicted, betaine degrades rapidly in the anaerobic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Chromatotograms of the degradation of betaine in the experiment with ST4: a - standard (red), b – day 0, c – day 
4, dilution 200x, determined using IC-Pak C M/D cation exchange column and 0.05 mM KH2PO4 as eluent.  
 
reactor at pH > 6. But in the acidic conditions of the mixing tank the degradation of betaine and especially VFAs is 
retarded (Table 2, Fig. 5). The possible reason for this may be the pH optimum of betaine reductase at 7.7. Betaine 
itself does not appear to be a substrate for methanogens. Halophilic acetogens, Clostridia and sulfate reducers 
decompose betaine into trimethylamine and acetate [1, 2, 8, 26]. Trimethylamine is subsequently utilized by 
methylotrophic methanogens and, thus, is a trophic link between acetogens and methanogens [27]. Under 
denitrifying conditions the anaerobic degradation of trimethylamine is coupled to the respiratory nitrate reduction 
Sample Ratio 
inoculum : 
substrate 
Proportion of 
inoculum in 
mixture, % 
Substrate 
(separation 
water), mL 
Inoculum 
(from anoxic 
reactor), mL 
Buffer 
(pH 
5,7) 
Concentration of betaine, g L-1 
Day 0 Day 4 Day 
12 
Day 
57 
Day 
120 
ST1 1:5 20 240 60 X 3.787 1.907 0.565 0 0 
ST2 3:10 30 210 90 X 3.574 1.713 0 0 0 
ST3 2:5 40 180 120 X 2.979 0.489 0 0 0 
ST4 1:5 20 240 60  0.501 0.197 0 0 0 
ST5 3:10 30 210 90  0.229 0 0 0 0 
ST6 2:5 40 180 120  0.549 0 0 0 0 
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[11]. A characteristic feature of betaine degradation is the production of NH4 (eq. 2, Fig. 4). Apparently, the 
generation of both NH4-N and trimethylamine may raise pH. In the experiments with a buffered reaction mixture 
(pH 5.7) the generation of NH4 was, however, not sufficient for the rise of pH (Fig. 4 left). On the contrary, at pH>6, 
together with the evolvement NH4 methane production started (Fig. 6). At pH<6 there was no methane generation. 
At the expense of NH4 generation the sulfate reduction was possible (eq. 8). However, the maximum sulfide 
concentrations were about 100 times lower than initial sulfate concentrations, indicating that also other sulphur 
species (incl. S0) could have been formed (Fig. 7). The sulfate reduction expressed by eq. 11 should not be neglected 
either. An idea of methanogenesis taking place simultaneously with sulfate reduction was first presented in 1982 by 
Oremland [28] but was not associated with betaine degradation. Later Heijthuijsen and Hansen [2] stated that these 
 
 
 
 
 
 
 
 
 
 
Fig. 7. The relationship between the 
concentrations of SO42- and S2- in the 
recirculation experiment with samples 
with pH kept by self-regulation  
 
 
processes can be associated by some Desulfuromonas strains that both ferment and oxidize betaine: 
 
betaine + 0.5 H2O → TMA (trimethylamine)+ 0.75 acetate + 0.5 CO2  (12) 
betaine + 2 H → TMA + acetate      (13) 
0.25 acetate + 0.5 H2O → 0.5 CO2 + 2 H     (14) 
 
In the presence of sulfur as an electron acceptor, the rest of the acetate initially formed during the betaine cleavage 
can be oxidized to CO2 with the formation of sulfide: 
 
0.75 acetate + 1.5 H2O → 1.5 CO2 + 6 H    (15) 
6 H + 3 S0 → 3 H2S     (16) 
 
The formation of TMA by Desulfuromonas strains accounted for the growth of methanogens in enrichment 
cultures [2]. Thus, the coexistence of SRB and methanogens can be mediated by the presence and metabolism of 
complex quaternary amines. Although TMA has not been described as a substrate for SRB earlier, it can utilize 
other methylated compounds such as methanol. Thus methanogens are able to outcompete SRB for at least one 
substrate used by both organisms [8]. In more recent papers the function of betaine in sulfate rich anaerobic 
environments has been limited solely to being an osmoprotectant [29] or to using molasses as an additional carbon 
source [30, 31] guaranteeing the correct C:N ratio. We have, however, shown that the more important fuction of 
betaine in such environments is being an energetically favorable substrate for methanogens rather. 
 
5. Conclusions 
The use of conventional chromatographic techniques, both liquid and gas chromatography enabled to elucidate 
the betain degradation mechanism and confirmed the suitability of indirect betaine concentration calculation method 
used earlier. The increase of daily volume of biogas production in anaerobic reactor can be explained by the 
presence of betaine in sugar-beet molasses – part of CH4 was produced at the expense of betaine. Partial nitrification 
of NH4+ to NO2- may be achieved using SO42- as an oxidant. There might exist a syntrophic symbiotic relationship 
between NH4+-oxidizing sulfate reducing microflora and anammox-bacteria, making thermodynamically not 
favourable oxidation of NH4+ to NO2- coupled with reduction of SO42- to elemental sulphur possible. 
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